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A Rho GTPase Signaling Pathway Is Used
Reiteratively in Epithelial Folding and
Potentially Selects the Outcome of Rho Activation
wings (Figures 1A and 1B; Table 1). Earlier in develop-
ment, the DRhoGEF24.1/DRhoGEF2PX6 wing discs appear
buckled (Figures 1C and 1D) rather than conforming to
the stereotypical folding pattern observed in the wild-
type [2]. This malformation is not a result of either im-
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2 Department of Anatomy proper patterning or loss of apico-basal polarity (Figure
S1). It must therefore be caused by disruption of anotherand Developmental Biology
3 Department of Biochemistry mechanism—for example, the propagation of a localized
signal that brings about folding in specific places. Toand Molecular Biology
University College London test this hypothesis, we generated clones of DRho-
GEF21.1 cells spanning a fold (Figures 1E–1G).Gower Street
London WC1E 6BT In large mutant clones that are less influenced by
physical constraints, the folds fail to follow the line ofUnited Kingdom
the fold in wild-type tissue (arrows in Figures 1F and
1G; compare with Figure 1C). Bifurcation of folds does
not occur in wild-type discs, supporting the idea that
Summary the mutant tissue is unable to respond to a localized
signal to fold. Although the clonal and DRhoGEF24.1/
A single Rho GTPase family member is capable of DRhoGEF2PX6 mutant tissues do appear folded, the ir-
initiating several different processes, including cell cy- regularity of the folds indicates that this is probably
cle regulation, cytokinesis, cell migration, and tran- a consequence of passive folding, as is seen in the
scriptional regulation [1]. It is not clear, however, how gastrulation mutants [3–5] and murine neurulation mu-
the Rho protein selects which of these processes to tants [6, 7] that fail to invaginate tissue appropriately.
initiate. Guanine nucleotide exchange factors (GEFs), We next investigated the possibility that other events
proteins that activate Rho GTPases, could be impor- involving epithelial invagination or folding might also
tant in making this selection. We show here that in vivo, require DRhoGEF2 activity. One such event is the invagi-
DRhoGEF2, a GEF that is ubiquitously expressed and nation of a placode to form a salivary gland tube on
specific for Rho1, is reiteratively required for epithelial both sides of the embryo [8]. Combinations of dominant-
folding and invagination, but not for other processes negative alleles (Figure S2; see also Table S1) with a
regulated by Rho. The limitation of DRhoGEF2 function putative null allele of DRhoGEF2 showed that in 93% of
supports the hypothesis that the GEF selects the out- embryos some or all of the salivary-gland cells fail to
come of Rho activation. DRhoGEF2 exerts its effects invaginate and instead remain on the outside (Figures
in gastrulation through the regulation of Myosin II to 1H and 1I). Because maternally provided DRhoGEF2 is
orchestrate coordinated apical cell constriction. Api- vital for epithelial invagination in gastrulation [4, 5], this
cal myosin localization is also regulated by Concertina and the above two phenotypes represent three exam-
(Cta), a G12/13 family member that is thought to activate ples of the requirement for DRhoGEF2 in epithelial-layer
DRhoGEF2 and is itself activated by a putative ligand, morphogenesis.
Folded gastrulation (Fog). Fog and Cta also play a
role in the morphogenetic events requiring DRhoGEF2,
suggesting the existence of a conserved signaling DRhoGEF2 Is Not Required for Other Processes
pathway in which Fog, Cta, and DRhoGEF2 locally acti- Involving Rho Signaling
vate Myosin for epithelial invagination and folding. If DRhoGEF2 is participating in the selection of the cell’s
response to activated Rho, then its function should be
limited. Rho is known to play a role in cytokinesis [9],Results and Discussion
cell cycle regulation [9, 10], and planar polarity [11].
The large size of clones of DRhoGEF2 (Figures 1E–1G),DRhoGEF2 Is Required for Epithelial Folding
equivalent numbers of cells in twin wild-type and mutantand Invagination
clones, and normal polarity of mutant tissue (Figure S3)If the guanine nucleotide exchange factor (GEF) is im-
indicate that unlike Rho, DRhoGEF2 is not required forportant in selecting the outcome of activating Rho, then
any of these processes, nor is it required for apico-basalits function should be limited to a subset of those associ-
polarity (Figure S1). We also see no significant defectsated with the GTPase. To address this possibility, we
in the gross morphology of the nonepithelial tissues ofinvestigated the in vivo function of DRhoGEF2. Two hy-
muscles and neurons in late-stage DRhoGEF24.1/DRho-pomorphic alleles, DRhoGEF2PX6 and DRhoGEF2PX10 (see
GEF26.5 and DRhoGEF24.1/DRhoGEF25.1 embryos (dataTable S1, available in the Supplemental Data with this
not shown). In addition, the normal cell cycle controlarticle online), in combination with null alleles of DRho-
shows that the convolution of DRhoGEF2 mutant wingGEF2, give adults that have crumpled and/or blistered
discs is not a result of excessive proliferation.
Although we cannot rule out the possibility that DRho-
GEF2 has a function we have not addressed, it seems*Correspondence: kathy.barrett@ucl.ac.uk
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Figure 1. DRhoGEF2 Is Required for Folding
of the Wing Disc Epithelium and Invagination
of Salivary Glands
Wings of adult flies of wild-type OreR (Bloom-
ington Stock Centre) (A) and DRhoGEF24.1/
DRhoGEF2PX6 (B) wings show that DRhoGEF2
is required for normal wing development. This
requirement is manifest in wing discs dis-
sected from wild-type (C) and DRhoGEF24.1/
DRhoGEF2PX6 (D) mid-third-instar larvae, in
which loss of DRhoGEF2 function results in
aberrant folding. Folding is also aberrant
in large clones of DRhoGEF21.1 in the disc
marked by a lack of GFP (E), as shown by
strong lines of staining of filamentous ac-
tin (F).
(G) The merged image of (E) and (F). Bifurca-
tions of the fold are found at the boundary
between wild-type and mutant tissue (arrows
in [F] and [G]). Lateral views of stage 13 wild-
type (H) and DRhoGEF24.1/DRhoGEF26.5 (I)
embryos in which anti-dCREBA staining high-
lights the salivary glands. Anterior is to the
left. At this stage, wild-type salivary gland
cells have internalized and formed a tube run-
ning in the anterior-posterior axis. In contrast,
in DRhoGEF24.1/DRhoGEF26.5 embryos the
salivary gland cells are not internalized but
remain on the outside of the embryo.
likely that its role is confined to the control of epithelial events, we analyzed salivary-gland formation in em-
bryos expressing the myosin light chain, Spaghettimorphogenesis, a hypothesis that is supported by Rog-
ers et al. ([12]; this issue of Current Biology). This limit squash (Sqh), as a fusion with green fluorescent protein
(Sqh-GFP) [20]. Although Sqh-GFP is present at the cor-of DRhoGEF2 function suggests that it is important in
selecting a role for Rho only in epithelial morphogenesis, tex of all the cells, it is concentrated at the apical surface
of salivary-gland precursors that are about to invaginatewhereas other GEFs would activate Rho in other pro-
cesses; for example Pebble activates Rho primarily in or are in the process of invaginating (Figures 2A–2D).
Sqh-GFP does not accumulate apically until invagi-cytokinesis [13, 14], and Trio acts on Rac in neuronal
outgrowth [15–18]. nation, as demonstrated by the lack of apical localization
in cells that are present more anteriorly in the placode
but that will invaginate later (Figure 2E versus 2D).Apical Myosin Localization Occurs
in Salivary-Gland Formation
To study in more detail the mechanism by which DRho- Zipper/Myosin Localization Is Disrupted
in DRhoGEF2 EmbryosGEF2 affects epithelial morphogenesis, we considered
the possible targets of DRhoGEF2 activation. One of It is not clear if this apical myosin accumulation is pres-
ent in time to contribute to apical constriction. To resolvethese is myosin II. During gastrulation, Zipper (Zip), the
heavy chain of myosin II, appears to accumulate on the this question, we observed the localization of Sqh-GFP
in the invaginating VF during gastrulation (Movies 1 andapical side of the mesodermal precursors in the ventral
furrow (VF) [19]. To address the possibility that apical 2). In wild-type cells, Sqh-GFP is maintained at the tip
of the growing membrane that forms between the nucleimyosin localization is required for other invagination
Table 1. DRhoGEF2 Alleles Are Homozygous Lethal and Interact Genetically with fog4a6 [27] and ctaRC10 [28]
Embryonic First Larval Adult Wing
Genotype Viability Viability Viability Phenotype
DRhoGEF25.1/DRhoGEF24.1 50% 13% 0% N/A
DRhoGEF26.5/DRhoGEF24.1 60% 6% 0% N/A
DRhoGEF24.4/DRhoGEF24.1 98% 97% 0% N/A
DRhoGEF21.1/DRhoGEF24.1 97% 96% 0% N/A
DRhoGEF2PX6/DRhoGEF24.1 N.D. N.D. 27% 70%
DRhoGEF2PX10/DRhoGEF24.1 N.D. N.D. 71% 4%
DRhoGEF2PX6/ctaRC10 DRhoGEF24.1 N.D. N.D. 8% 92%
DRhoGEF2PX10/ctaRC10 DRhoGEF24.1 N.D. N.D. 28% 35%
fog4a6/ ;DRhoGEF24.1/ N.D. N.D. 100% 6%
fog4a6/ ;DRhoGEF26.5/ N.D. N.D. 100% 16%
Heterozygous DRhoGEF2, cta, and fog mutants resemble wild-type flies, with 100% viability and no wing defects.
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Figure 2. Myosin Accumulates Apically in
Salivary-Gland Formation
In sqhAX3;sqh-gfp42 flies [20], Sqh-GFP (A, C,
D, and E) is concentrated on the apical side
of the cells of the salivary placode and identi-
fied by anti-dCREB-A (B, C, D, and E) as the
flies constrict their apical surfaces to invagi-
nate (A, C, and D), but not before (E). (D) and
(E) are the posterior and anterior, respec-
tively, of the same salivary placode in which
the posterior but not anterior cells are invagi-
nating at the time of fixation. Sqh-GFP is
green and anti-dCREB-A is red in (C), (D), and
(E). (A–C) show a ventral view, anterior to the
left, and in (D) and (E), dorsal is up.
during cellularization, the process immediately prior to and that at least some forms of protein relocalization,
especially that of a protein that is found in close proxim-gastrulation (Figure 3A). At the end of cellularization,
Sqh-GFP begins to decrease on the basal side and accu- ity to Zip [21], are not affected.
mulate on the apical side of the ventral cells, i.e., only
those that will constrict apically. This redistribution of Zipper/Myosin Localization Is Also Disrupted
in cta Embryosmyosin precedes apical cellular constriction (Figure 3B),
suggesting that it contributes to the process. Basally We next considered the possibility that myosin localiza-
tion is also regulated by other components of the DRho-located Sqh-GFP is subsequently lost, and the apical
levels increase (Figures 3C and 3D). GEF2 signaling pathway. By analogy to the mammalian
[22–24] and C. elegans [25] orthologs and as a result ofIn DRhoGEF2 germline clone-derived (GLC) embryos
(i.e., those lacking maternal DRhoGEF2), Zip, the myosin genetic studies [4, 26], DRhoGEF2 is thought to partici-
pate in a signal transduction pathway, which we will callheavy chain, is lost from the basal side of cells in the
developing VF (Figures 3F and 3I), but it accumulates the DRhoGEF2 signaling pathway, initiated by Folded
gastrulation (Fog) and propagated by Concertina (Cta).at much lower levels on the apical side than it does in
the wild-type (Figures 3E and 3H). These results imply Mutations in both these genes result in gastrulation de-
fects [27, 28]. In embryos derived from cta mutant moth-that a signal through DRhoGEF2 is needed in order for
the ventral cells to induce apical Zip localization. In con- ers, a low level of Zip accumulates on the apical side
only of apically constricting cells in the invaginating VFtrast, relocalization of -heavy spectrin occurred nor-
mally in DRhoGEF2 GLC embryos (Figures 3K and 3L), (Figure 3G; arrow in Figure 3J). This is also true in DRho-
GEF2 GLC embryos (arrow in Figure 3I). In contrast,indicating that cell polarity is maintained in these cells
Figure 3. Myosin Accumulates Apically dur-
ing Gastrulation but Does Not Accumulate
Normally in Gastrulation Mutants
(A–D) Stills of cross sections across the
dorso-ventral axis of the embryo in Movie 2
show Sqh-GFP localization during VF for-
mation.
(A) t  5 min after the start of the movie.
During late cellularization, Myosin is basal in
all cells.
(B) t  10 min. Myosin accumulates apically
in some of the ventral cells before the cells
start constricting their apices.
(C) t 12.5 min. Myosin accumulates apically
in the ventral cells, and the cells flatten and
start to constrict.
(D) t 15 min. Myosin accumulates apically at
high levels, and the VF begins to invaginate.
Wild-type (E and H), DRhoGEF21.1 GLC (gen-
erated as previously described [4]) (F and I),
and ctaRC10/Df(2)PR31 [28] (G and J) embryos
stained with anti-Zip show lack of Zip accu-
mulation on the apical side of the cells in the
VF in mutants.
(E–G) Three-dimensional reconstructions
from the ventral side of the embryos.
(H–J) Z sections across the furrow along the dorso-ventral axis. Zip accumulates apically only in the cells that constrict apically, (arrows in
[I] and [J]). Wild-type (K) and DRhoGEF21.1 GLC (L) embryos stained with anti-H-Spectrin show normal localization of H-Spectrin in DRhoGEF2
GLC embryos.
(A–D and H–L) Dorsal up; (E–G) ventral view, with anterior to the left.
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nated embryos by placing them for 1 min in boiling PBS with 0.03%there is no apical myosin apparent in the cells that do
Triton X-100 and 0.4% sodium chloride and then incubating themnot constrict their apical surface. These data clearly link
for 1 hr on ice. Imaginal discs were dissected in PBS and fixed forthe presence of apical myosin with apical constriction
20 min in 4% ultra-pure formaldehyde (Polysciences) in PBS.
and indicate that in gastrulation this is controlled by the Antibodies used were rat anti-dCREBA at 1:500 dilution [35], rabbit
DRhoGEF2 signaling pathway. The link between DRho- anti-Zip at 1:700 [36], rabbit anti-Twist at 1:1000 [37], rabbit anti-H
spectrin at 1:200 [21], rabbit anti--galactosidase at 1:100 (Cappel),GEF2 and Myosin is also supported by the documented
mouse anti-Engrailed 4D9 at 1:10, mouse anti-Wingless 4D4 at 1:10,genetic interactions between DRhoGEF2 and zip in leg
mouse anti-Armadillo N2 7A1 at 1:200 (Developmental Studies Hy-and wing development [29].
bridoma Bank), and secondary HRP- (DAKO), fluorescent FITC-,It is not clear how DRhoGEF2 influences the apical
and TRITC-conjugated antibodies (Jackson Laboratories) at 1:200.
accumulation of myosin. It could act via the Rho effector -galactosidase staining was amplified with the ABC elite amplifica-
Rho kinase. When activated by Rho in mammalian cells, tion kit (Vector Laboratories) and anti-Twist with the TSA-fluorescein
kit (NEN).Rho kinase is responsible for revealing the actin binding
site on the regulatory light chain of myosin II [30, 31].
Supplemental DataThus, in DRhoGEF2 mutants, a possible failure in the
A Supplemental Table and several Supplemental Figures are availableactivation of Rho1 and Rho kinase would result in the
at http://www.current-biology.com/cgi/content/full/14/20/1822/DC1/.
inability of myosin to bind actin.
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